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R-061

ABSTRACT

The heat flux studies described in this report were performed under a National Aeronautics and

Space Administration Contract ~S8~23.524., Modification 8, Item No.8. Three tests had been

authorized to investigate whether heat flux measurements may be used as effective hazards

evaluation criteria to determine safe quantity distances for pyrotechnics. A "Passive Sensor

Study" was conducted simultaneously to investigate their usefulness recording certain events

and conditions, e. g. , heat attenuation, temperature ranges in the vicinity of a deflagrating

pyrotechnic stack, etc.

The tests have shown that heat flux measurements can effectively be used to evaluate hazards

criteria and that passive sensors are an inexpensive tool to record certain events in the vicinity

of deflagrating pyrotechnic stacks.
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SECTION 1

INTRO DUCTI ON

1. 1 OBJECTIVES

The objectives of the heat flux study of pyrotechnic munitions are as follows:

a. To measure the heat flux incident at discrete distances from a deflagrating pyrotech­

nic stack.

b. To determine whether heat flux is significantly affected by wind direction and velocity.

c. To investigate whether heat flux measurements may be used as effective hazards eval­

uation criteria to determine safe quantity distances for pyr_otechnics.

1.2 AUTHORITY

Three tests were authorized for this study under a National Aeronautics and Space Administra­

tion Contract NAS8-23524, Modification No.8, Item No.8, dated 22 February 1971.

1. 3 TEST RATIONALE

The Department of Defense's (DOD) Quantity-Distance Tables regulate the placement of manu­

facturing facilities and storage areas for ammunition and pyrotechnics relative to inhabited

structures, adjacent ammunition manufacturing and/or storage areas, roads, etc. These

tables have been established in accordance with the hazards classifications for the materials

and end items to be manufactured or stored.

The majority of pyrotechnics have been classified as Class 2 materials (deflagration only). The

Quantity-Distanc e Tables for this class are based mainly on estimates and comparisons to other

more hazardous materials for which data on overpressure, fragmentation, etc. have been col­

lected during test detonations. Since the prime source for major damages from pyrotechnics is

fire, it has been proposed to measure the heat flux incident on materials at discrete distances

from a burning pyrotechnic stack.

There are basically three types of heat transfer between volume elements that are at different

temperatures: Heat conduction, heat convection, and radiation.

Heat conduction is the transport of energy (heat) between two neighboring volume elements that

are separated by an infinitesimal slab of material.

Heat convection is the transport of energy (heat) by a current of liquid or gas. If the motion of

the fluid is caused by a difference in density that accompanies a temperature difference, the

phenomenon is called natural convection. If the motion is caused by an external force, e. g. ,

a pump or a fan, it is called forced convection.

Radiation is the transport of energy (heat) by the infrared portion of the magnetic spectrum.

1-1
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The amount of energy (heat) that 1s flowing between volume elements of different temperatures

is called heat flux and is measured in calories per unit area per unit time cal • If applied
-2-
cm .s

to pyrotechnics, the above volume elements are stacks of pyrotechnic materials or end items,

buildings, magazines, etc.

Since the purpose of this study is to determine the heat flux incident from a stack of burning

pyrotechnic end items at discrete distances, it is apparent that heat transfer is by heat convec­

tion and radiation. Heat conduction may occur within the burning stack, but only if the con­

tainers are closely stacked (touching each other).

The criterion to correctly determine safe distances is a function of the maximum temperatures

a stack of pyrotechnic materials or end items can assume during a maximum deflagration acci­

dent and the minimum ignition temperature of an adjacent building, pyrotechnic stack, or other

flammable materials. The induced temperature at the reception is a function of the heat flux

incident on the material, the absorptivity of the surface, and the thermal conductivity of the

packaging/container.

For sympathetic ignition, the only requirement is that somewhere and sometime in a pyrotechnic,

the temperature must equal or exceed its characteristic minimum ignition temperature.

Heat flux by radiation can be affected by varying the size of a stack, the type of pyrotechnic

material, and the interstack distance. Fog, rain, and smoke, as well as the insertion of a heat

shield, will have an attenuating effect.

The above is also true for heat flux by convection. However. consideration must be given to

many additional environmental and physical variables j e. g., air temperature, wind velocity.

humidity, temperature inversion, ground condition, etc•• It is apparent that a detailed investi­

gation of the individual effect of each of these variables on convective heat flux is too great a

task to be performed within this study. However. the three tests to be performed for this study

have been designed to investigate:

• Whether it is feasible to use heat flux sensors to determine safe quantity

distances for class 2 pyrotechnic mWlitions, and,

• Whether the above-mentioned environmental variables combined have a

significant influence on heat flux.

Since materials and sensors were available, it was decided to perform a second test series

simultaneously with the tests for the heat flux study. This study series, called the "Passive

Sensor Study", is discussed in Section 3 of this report.

1-2
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SECTION 2

HEAT FLUX TEST PERFORMANCE AND RESULTS

2. 1 TECHNICAL APPROACH

Four Model 860 Heat-Flow meter systems, manufactured by Keithly Instruments, Inc. , were

used to measure heat flux at discrete distances from burning pyrotechnic stacks. The Model

860 consists of a heat-flow sensor mated with a microvolt meter calibrated to read Btu/ft2 • h

directly. The meter has a range from O. 5 to 10 1000 btu/ft2 • h in seven steps with an accuracy

of.! 10 percent of full scale and a resolution of approximately.! 1 percent of full scale.

The heat flow sensors are represented electrically and schematically as a multi-junction thermo­

pile (shown in Figure 2-1). The electrical output (Eo) from the thermopile generated by the

temperature difference across a thin insulating film of known thermal conductivity is a measure

of heat flow through the sensor. In order to prevent an appreciable temperature build-up on the

mounting surface, the sensors were applied to heat sinks. Two of four assemblies fabricated

in this manner were mounted in cardboard shields to minimize the effect of convective heat flux.

They will be referred to as "shielded sensors" throughout this report. A thermocouple was

attached to at least one heat sink in each test to determine the magnitude of a possible tempera­

ture rise in the heat sink.

Heat flow sensors were also mounted on pieces of lumber together with thermocouples. This

made it possible to measure the total heat flux incident (convective and radiant heat combined) on

the lumber and simultaneously determine the actual temperature rise at this location. However,

since the sensor measures temperature differentials, any temperature change of the mounting

surface will affect its output; in other words, an increase in surface temperature at the same

heat flux incident will be recorded as a decrease in heat flux.

Since only four heat flow meter systems were available, the sensor placement was different for

each test in order to collect data for as many azimuths as possible.

The pyrotechnic end items used in this test series were those available from the Edgewood

Arsenal Phase I - Hazards Evaluation Program and were, of necessity, different for each test.

They were stacked as closely as possible in a cube configuration and the stack simultaneously

ignited in several places to reach maximum deflagration in minimum time.

2. 2 TEST PLAN

2. 2. 1 MA TERIALS

Materials used for the testing were as follows:

• Test 1 - ApprOXimately 500 lb. (material weight) of HC white smoke in 105 mm

canisters were used.

2-1
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• Test 2 - Approximately 500 lb. (material weight) of colored smoke in M-18 grenades,

from which the initiators have been removed, were used in the following combinations:

• 16 grenades HC White

• 160 grenades Sulphur Green

• 160 grenades Sulphur Red

• 160 grenades Sulphur Violet

• 128 grenades Sulphur Yellow

• Test 3 - Approximately 380 lb. (material weight) of XM-9 CS 4. 2-inch canisters were

used.

2. 2. 2 TEST SETUP

2. 2. 2. 1 Test 1

The canisters were stacked four layers high and strapped together as shown in Figure 2-2. A

small amount of smokeless powder (approximately 20g) was dispersed between the canisters to

accelerate the propagation of ignition by the ten S-94 squibs placed optimally throughout the stack.

Two heat flux sensing stations (station 1 and 2) with one shielded and one unshielded sensor and

a thermocouple attached to each heat sink were set up fifty feet from the stack and at 900 to each

other. A panel, which was developed and built for the "WP Operational Shielding" study, covered

with screening on both sides was placed between the stack and sensing station 1. This panel is

shown in Figure 2-2 and is cross-sectioned in Figure 2-3. Its purpose was to act as a heat shield.

Figure 2-4 shows one of the heat flux sensing stations with the microvoltmeters. Figure 2-5

presents a total view. Figure 2-6 displays the layout of the test set-up.

2.2.2.2 Test 2

The M-18 grenades were stacked four layers high and strapped together as shown in Figure 2-7.

A small amount of smokeless powder (approximately 20g) was dispersed between the canisters

to accelerate the propagation of ignition by the nine match head igniters placed optimally through­

out the stack.

One shielded heat flux sensor (station 1) was located 50 feet upwind from the stack. The other

three sensors were positioned 50 feet downwind as follows:

• One shielded sensor (station 2) 1800 from the one at the upwind position with a thermo­

couple attached to its heat sink.

• Two sensors, (stations 3 and 4) were each attached to the wide side of a I x 4 length

of lumber with a thermocouple a few inches below (see figure 2-8) and placed 300 to

either side of station 2.

2-3
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Figure 2-2. Stack of HC White Smoke 105 MM Canisters and
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Figure 2-4. Heat Flux Sensing Station With Microvoltmeters
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One thermocouple (station 5) was placed approximately 30 inches above the stack (see Figure 2-7)

to measure the deflagration temperature. Figure 2-9 shows the two shielded sensors (station 2

in foreground) and Figure 2-10 the layout of the test setup. It should be noted that the panel

that served as a heat shield in test 1 is positioned in such a manner as not to attenuate the heat

flow in the direction of the sensors.

2.2.2.3 Test 3

The XM-9 CS 4. 2-inch canisters were stacked seven layers high as shown in Figure 2-11. A

small amount of smokeless powder (approximately 5-g) was dispersed between the canisters to

accelerate the propagation of ignition by the six, S-94 sqUibs placed optimally throughout the

stack.

One shielded heat flux sensor (station 1) with a thermocouple attached to its heat sink was placed

downwind from the stack. A second shi'elded heat flux sensor (station 2) was placed 900 to

station 1 and behind the "WP Operational Shielding" panel which was again used as a heat shield.

Two more heat flux sensing stations (stations 3 and 4) as shown in Figure 2-8 were placed

opposite the shielded sensors as shown in Figure 2-12 and the layout of the test setup (Figure 2-13).

A thermocouple (station 5) was mounted on the heat shield next to the stack to measure the de­

flagration temperature.

2.2.3 INSTRUMENTATION

The instrumentation used for collecting and evaluating of data is described in Appendix A.

2.2.4 PHOTOGRAPHIC COVERAGE

Black and white still photos were taken before and after each test. All events were also covered

by color motion picture as follows:

a. Test 1 - One actual time (24 fps) camera.

b. Test 2 - Two actual time (24 fps) cameras at 900 angles to each other. Both cameras

were equipped with a timing device which superimposed on the film the elapsed time

in milliseconds. Unfortunately, the camera positioned upwind from the stack failed

to operate. Another camera was used which was loaded with infrared color film and

set to make an exposure every ten seconds. This was an experimental set-up to

determine whether infrared film would be able to penetrate the smoke so that the

actual size of the flames could be better determined. However, the pictures showed

that the smoke could not be penetrated and the experiment was not repeated in test 3.

c. Test 3 - One actual time (24 fps) camera and two cameras set for 100 fps and posi­

tioned 900 to each other. These two cameras were again equipped with the timing

device described in (b). In addition. a Hulcher camera, set for 5 fps, was used.
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2,3 TEST RESULTS

The diagrams used in the following discussion have been plotted from data recorded on compu­

ter tab runs. They start at time 0 (ignition) and, except for test 3 which had a duration of less

than two minutes, show only the most significant burning phases to a time where the intensity

of the fire has decreased to the point of no further heat build-up due to heat flux.

2.3. 1 TEST 1

Station 1 was intended to be directly upwind from the pyrotechnic stack. However, the wind shifted

during count-down and varied during the test as shown on Figure 2-6. Figures 2-14 and 2-15 show

the heat flux (Btu/ft2 . h) versus time (seconds) as measured at stations 1 and 2 respectively. In

analyzing the plotted and mopic data, the following observations and assumptions can be made.

a. The amount of heat flux recorded by the shielded sensor (solid line) at station 1 is

generally lower than that recorcted by the unshielded sensor (dotted line). The

opposite is true at station 2. It can be assumed that the reason for this was that the

unshielded sensor at station 2 was more exposed to the wind.

b. The maximum heat flux incident at station 2 was considerably lower than at station I,

which in addition to the wind, may have been caused by the effect of the heat shield.

c. At about 300 seconds, the heat flux at station 1 started to level off, while station 2

showed an increase. This was undoubtedly caused by radiation from the heat shield

which was located only five feet from the stack and had been sufficiently heated by

that time to become a second heat source creating more heat than the almost extin­

guished fire.

d. The curve of the unshielded sensor at station 2 shows several negative values.

During these periods of time the heat flow was reversed because the mounting surface

on the sensor was warmer than the surface facing the open air. Wind may have been

the cause of this.

e. All curves show an erratic heat flux incident, especially for the unshielded sensors.

Changing deflagration of the pyrotechnic stack, smoke, and wind can be assumed to

be the main causes.

f. The mopic footage of this test did not have superimposed timing. However, ob­

served with a special projector, the folloWing events are occurring at the approximate

times indicated:

• First flames at 92 seconds.

• Most intense fire from 150 to 220 seconds.

• Height of flames approximately 8 feet

2-17
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• No visible flames after 380 seconds, but heavy smoke for approximately three

more minutes.

• Light smoke continued for 14 to 15 minutes after ignition.

Figure 2-16 shows the burned out He canisters.

2.3.2 TEST 2

Station 2 was intended to be directly downwind of the pyrotechnic stack. However, after the

test was set up, the wind shifted slightly toward station 3 as shown in Figure 2-10. Figures

2-17, 2-18, and 2-19 show the heat flux (Btu/ft2 • h) versus time (seconds) for station 1, 3,

and 4, respectively. The heat flux curve for station 1 (Figure 2-17) is shown on an overlay for

easy comparison. Furthermore, Figures 2-18 and 2-19 show also the actual temperature

versus time (dotted line) at their respe~tive stations.

The data from the thermocouple at station 5 and the shielded heat flux sensor at station 2

could not be recorded because of a malfunction of their transmission channels. However, the

thermocouple attached to the heat sink at station 2 and its read-out system were in proper

working order and showed one degree temperature increase over a five minute period.

In analyzing the plotted date (Figures 2-17, 2-18, and 2-19) and the mopic data, the following ob­

servations are made:

a. Station 1 (shielded heat flux sensor with heat sink) showed the highest heat flux inci­

dent. It should be noted that dUring the period of 59 and 78 seconds, the heat flux

remained almost constant at its maximum value of slightly above 380 Btu/ft2 • hr.

b. The next highest amount of heat flux was registered at station 3 followed by station 4.

Both curves peak at the same time. While station 3 records one peak at 63 seconds,

station 4 records two at 62 and 65 seconds, respectively. The peak values of both

stations coincide with that of station 1.

c. The heat flux at station 3 decreased very abruptly from its peak and went negative

within 13 seconds. A slower but more erratic decrease occurred at station 4 where

the heat flux went negative within 26 seconds.

d. Upon comparison of the actual temperature at stations 3 and 4, there was a gradual

increase of approximately two degrees during the first 45 seconds. From that time,

the temperature at station 3 increased rapidly up to its peak of 1160 F at 80 seconds.

At station 4, the increase was slower and reached its first peak of 1080 F at S5 seconds

and, after remaining steady at 1070 F recorded a second peak of lOSoF at 102 seconds.

Since station 3 was further downwind than station 4, it was, therefore, more exposed

to convective heat transfer by the wind which may explain the SO F higher temperature

and more rapid rise in temperature.
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Figure 2-16. Burned-out HC White Smoke Canisters
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e. The mopic data of this test show the following events:

• First visible flames at 40 seconds

• Intense fire from 48 to 88 seconds

• Height of flames in excess of 20 feet

• From 56 to 67 seconds, smoke and flames were blown toward station 3

• Last visible flame at 148 seconds.

The above events coincide within a few seconds with the heat flux data recorded at

station 1 (see Figure 2-17). They also coincide with those recorded at stations 3

and 4, but only up to their peak values (See Figures 2-18 and 2-19).

f. The abrupt decrease and negative values of the heat flux recorded at stations 3 and 4

reflect the large effect that a temperature change of the sensor mounting surface has

on the sensor's output.

Figure 2-20 shows the burned-out M-18 smoke grenades.

2.3.3 TEST 3

Station 1 was intended to be directly downwind of the pyrotechnic stack. However, after the

setup was completed, the wind shifted towards station 2 as shown in Figure 2-13. Figures 2-21

through 2-24 show the heat flux (Btu/ft2 • h) versus time (seconds) for stations 1, 2, 3, and 4,

respectively. In addition, Figures 2-23 and 2-24 show the actual temperature versus time

(dotted line) at their respective stations.

The thermocouple attached to the heat sink of the shielded sensor at station 1 did not show any

appreciable temperature rise of the heat sink. For reasons unknown, the thermocouple at station

5 malfunctioned.

In analyZing the plotted and mopic data, the following observations are made:

a. Station 1 recorded the maximum heat flux incident with 1097 Btu/ft2 • h at 34

seconds. Station 2 recorded its maximum with 999 Btu/ft2 • h at the same

time. The 10 percent difference in the two peak values may be due to the wind

which carried flames and smoke in a direction between stations 1 and 4, but

closer to station 1. The operational shielding panel used as a heat shield did

not seem to have any effect, since bwtween 14 and 29 seconds, the heat flux

curve of station 1 is lagging considerably behind that of station 2. Both sta­

tions recorded a second, slightly lower peak, four to five seconds after the

maximum. This may be attributed to heavy smoke or erratic burning.
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b. Station 3 showed the maximum heat flux with 396 Btu/ft2 • h at 29 seconds, while

station 4 recorded its maximum of 443 Btu/ft
2

• h at 32 seconds. Both stations

showed only one distinct maximum peak a few seconds ahead of those at stations 1

and 2. Station 4 went negative at 49 seconds and stayed negative after 51 seconds.

On the other hand, station 3 went negative at 55 seconds and after several changes

between positive and negative values, remained negative after 70 seconds. It also

showed a much more erratic behavior during its descent stage.

c. Comparison of the actual temperatures at stations 3 and 4 shows an almost identi­

cal rise between 22 and 33 seconds. However, station 4 started to level off at 33

seconds to reach its maximum of 990 F at 44 seconds, while station 3 started to

level off at 50 seconds to r~ach its peak of U30 F at 57 seconds where it remained

for two seconds.

d. The two mopic cameras with 100 fps exposures were placed behind stations 3 and

4. Since the view from the camera at Station 3 was much less obscured by smoke,

only the events observed on the movie taken at that station will be discussed here.

The time for each event is the elapsed time after Time 0 (ignition):

• First visible flames at O. 9 seconds

• Deflagration (black smoke) starts at 3 seconds

• Intense fire from 11 to 65 seconds

• Flame heights estimated in excess of 25 feet

• Last visible flame at 82 seconds

• Several canisters were thrown out of the burning stack. One (CS already smok­

ing) fell within three feet of station 3 at 29 seconds. It stopped smoking at 78

seconds. At no time did the CS in this canister burn with an open flame. How­

ever, there is a pos sibil ity that this canister may have caused the erratic be­

havior of the sensors at station 3. Figure 2-25 shows the burned out canister

in front of station 3. The sensors have already been removed.

e. Figure 2-26 shows the burned out stack of XM-9 CS canisters. It should be noted

that the screening on this side of the panel has been completely destroyed.

Tables 2-1 and 2-2 display a summary of events as recorded on the graphs and through the

motion pictures.
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Figure 2-25. Burned-out XM-9 CS Canister which Fell in Front of Station 3
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Figure 2-26. Burned-out Stack of XM-9 CS Canisters
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SECTION 3
PASSIVE SENSOR STUDY

3.1 TECHNICAL APPROACH

The passive sensor study was added to the heat flux study as a supplement to investigate whether

passive sensors can be effectively used to determine pyrotechnic saiety criteria. The passive

sensors referred to here were paper thermometers with sensitivity ranges of 200, 250, 300,

350, 400, and 4700 F and samples of pyrotechnic materials all placed in the same pattern and at

discrete distances from the heat source (stack of pyrotechnic end items). The "Operational

Shielding Panel" described in paragraph 2.2.2, test I, was used as a heat shield in all tests of

this particular study.

The objectives of the passive sensor study were:

• To determine whether the operational shielding panel will attenuate flames

and heat during prolonged fires of different intensities.

• To determine whether screening will effectively attenuate heat and protect

against ignition by firebrand.

• To determine temperature ranges in close vicinity of deflagrating pyrotechnic

stacks by using inexpensive expandable sensors.

• To determine how much effect wind has on fire propagation.

3.2 TEST PLAN

The general test pattern used was the same for all tests and is shown in Figure 3-1. In order

to simplify describing the placement of the sensors, the follOWing system will be used throughout

this section:

a. All angular units will be measured in a clockwise direction from a base line (00
)

which starts at the center of the heat source (pyrotechnic stack) and continues

perpendicular through the heat shield.

b. All distances are measured from the center of the heat source unless a starting

point is specifically mentioned.

One array of paper thermometer stations was placed on the base line (0
0

) behind the heat shieki
o 0and another at 135 or 225. The paper thermometers were attached to lengths of 1 x 4 lumber

and positioned in a staggered pattern in order to prevent heat attenuation.

3-1
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The two pyrotechnic sample arrays were placed at 900 or 2700 and 180
0

• Under ideal conditions,

the one at 900 or 2700 would have been directly downwind from the pyrotechnic stack. The pyro­

technic sample array is shown in Figure 3-2 and consisted of four configurations with 100 g of

pyrotechnic material placed in each:

• Open Tray - Direct access to flame, heat, or firebrand.

• Copper Screen Cover - A single sheet of copper screen supported above the

sample hampering firebrand access but allowing free passage of flame and

heat.

• Copper Screen Enclosure - A single layer of copper screen fashioned into a

box configuration hampering direct contact from any ignition source.

• Steel Screen Enclosure - A coarse steel (1/4 inch) hardware screening

material fashioned into an identical configuration as the copper enclosure.

The paper thermometer stations in the arrays were placed at two-foot intervals starting at four

feet from the outside of the pyrotechnic stack. In test 3, two more stations with paper thermo­

meters at 25 and 50 feet were added to each array. A typical paper thermometer array is

shown in Figure 3-3.

The pyrotechnic sample arrays were placed at the following distances:

• Testl; Both at 25 feet

• Test 2: 90
0

at 12 feet, 180
0

at 8 feet

• Test 3: 90
0

at 25 feet, 180
0

at 8 feet

Paper thermometers covering the entire range from 2000 to 4700 F were placed at each of the

above sample stations.

In tests 1 and 2, the sample arrays were placed as shown in Figure 3-2, while in test 3 the

(our samples at each station were spaced one foot apart, in order to reduce the probability

of flame propagation from one sample to the next.

A detailed description of the pyrotechnic end items used as heat source for the tests is given

in Section 2, paragraphs 2.2.1 and 2.2.2.

3.3 TEST RESULTS

The test results have been tabulated for convenient comparison and are shown in Tables 3-1

and 3-2. The wind direction is that which prevailed during the test and is given from the base

line. The wind velocities were as follows:
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Figure 3-2. Pyrotechnic Material Array
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Figure 3-3. Typical Paper Thermometer Array
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Table 3-1. Summary of Test Results for Paper Thermometer Arrays

R-061

TEST NO. 1 TEST NO. 2 TEST NO.3

Wind Direction
ocation Ou 225u OU 135u 0° 135v

Distance Range Reaction Reaction Reaction
Ft of Yes No Yes No Yes No Yes No Yes No Yes No

4 200 - - - - x x x x.

250 - - - - x x x x

300 x. - - x x x x

400 - - x - - - - x x

470 - - - - - - - - x x

6 200 - - - - x x x x

250 - - - - x x x x

300 x - - x x x x

400 - - x - - - - x x

470 - - - - - - - - x x

8 200 - - - - x x x x

250 - - - - x x x x

300 x - - x x x x

400 - - x - - - - x x

470 - - - - - - - - x x

10 200 - - - - x x x x

250 - - - - x x x x

300 x - - x x x x

400 - - x - - - - x x

470 - - - - - - - - x x

12 200 - - - - x x x x

250 - - - - x x x x
. 300 x - - x x x x

400 - - x - - - - x x

470 - - - - - - - - x x

25 200 - - - - - - - - x x

250 - - - - - - - - x x

300 - - - - - - - - x x

50 200 - - - - - - - - x x

250 - - - - - - - - x x

300 - - - - - - - - x x

NOTE: Dashes in the above columns indicate .that temperature range was not used.
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• Test 1 - 7 to 8 lmots

• Test 2 - 6 to 8 lmots

• Test 3 - 14 to 20 lmots

In the following paragraphs the test results and observations made at the test site and with

motion pictures are discussed briefly.

3.3.1 TEST 1

The temperature behind the heat shield (00
) did at no time reach 3000 F while downwind (2250

)

a temperature of 4000 F was indicated (see Table 3-1). None of the pyrotechnic material arrays

were ignited or even scorched (see Table 3-2), despite the fact that the downwind array showed

considerable firebrand deposits (see Figures 3-4 mid 3-5).

3.3.2 TEST 2

The temperature at both paper thermometer arrays reached at least 3000 F at a distance of 12

feet (see Table 3-1). Both pyrotechnic material arrays burned completely. Checldng the mo­

tion picture taken at this test, the downwind array (900
) ignited at approximately 60 seconds

after time O. Because of the position of the camera and heavy smoke, it could not be deter­

mined whether all configurations ignited simultaneously. However ~ just before their ignition,

they were completely engulfed by flames from the deflagrating stack.

The open configuration of the array at 1800 ignited at approximately 80 seconds in the test,

followed one second later by the copper screen covered sample next to it. The copper and

steel enclosed samples ignited approximately two seconds and nine seconds respectively

after igniticn of the open sample. Whether the open sample ignited due to flames or firebrand

or heat radiation from the deflagrating stack is unlmown. According to the paper thermometer

arrays, the temperature exceeded 4700 F at both locations.

3.3.3 TEST 3
• 0 0

The temperature at both paper thermometer arrays exceeded 470 F at 12 feet and 250 F at

25 feet, but did not reach 2000 F at 50 feet (see Table 3-1).

The pyrotechnic material array at 1800 burned completely. _The motion picture shows that this

array was engulfed by flames from approxiIIR tely 11 seconds after time O. Therefore, it is

impossible to determine time and sequence of ignition. The paper thermometers at this location

show a temperature in excess of 4700 F.
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Figure 3-4. Firebrand Deposits on Screen of Pyrotechnic Material Array (Test 1, Downwind)
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The open sample of the material array at 800 was only scorched while the others stayed intact.

The paper thermometers at this location showed that the temperature did not reach 3000 F which

is considerably below the ignition temperature of sulfur yellow. Several XM-9 CS canisters

were thrown out of the deflagrating stack. One fell less than two feet from this material array

which may explain the scorching of the open sample.

A one hundred and fifty square foot area 50 feet downwind from the pyrotechnic stack was

covered with paper and was set on fire presumably by firebrand.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

This study, despite its limited number of tests authorized, has indicated that heat flux meas­

urements may be used as effective hazards evaluation criteria to determine safe quantity
I

distances for pyrotechnics. However, it must be realized that data, observations, and results

of only three tests do not permit drawing of conclusions decisive enough to make specific

recommendations. Therefore, an attempt will be made in this section to compare and corre­

late some assumptions and findings made during the discussions of test results in the two

previous sections of this report.

The operational shielding studies (see ~eports GE-MTSD-R-058 and R-060) have shown that

the type panel used as heat shield in this study will attenuate the fireball from an exploding

white phosphorous round. In test 1 (HC smoke), the 4 x 4 foot heat shield placed approximately

two feet from the edge of the pyrotechnic stack appeared to attenuate heat flux as measured by

heat flux and passive sensors. However, test 3 (XM-9 CS canisters) resulted in a flame

diameter sufficiently large to engulf the panel; therefore, evaluation of attenuating effects was

impossible. It is believed that a panel of larger dimensions may have confirmed the findings

of Test 1.

Wind undoubtedly has some influence on heat transfer as shown by the heat flux data at stations

3 and 4 in tests 2 and 3 and the reaction of some downwind paper thermomete rs in test 1.

However, how much smoke, convective heat, wind velocity, cooling effect on exposed sensors,

etc. , contribute to the differences in the heat flux measurements is yet unknown.

The ignition cause of the open sample in the pyrotechnic material array at the 180
0

location in

test 2 could not be determined. However, within nine seconds the other three samples ignited

in sequence starting with the one closest to the burning sample. The motion picture shows that

after ignition of the first sample, flames from the deflagrating stack did not reach the array

location for at least 60 seconds. Therefore, it can be assumed that ignition of the three samples

occurred through flame propagation between them. The last sample (which was covered by a

steel screen enclosure) did not ignite for seven seconds after ignition of the sample positioned

next to it (which was in a copper enclosure) and was aflame within two seconds following ig­

nition of the open (without an enclosure) sample. This shows that this type of steel screening

is a better heat and flame attenuator than copper window screening which confirmed laboratory

tests previously performed.

Generally, the use of passive sensors can be of appreciable value in providing useful, empirical

information at low cost.
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Based on the results of this study, heat flux measurements can be used to effectively evaluate

hazards criteria of pyrotechnics and to determine safe quantity distances. It is therefore

recommended to continue these studies using more instrumentation, such as heat flux sensors and

thermocouples, and more flame and heat attenuating devices.
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APPENDIX A

HEAT FLUX DATA ACQUISITION SYSTEM

The heat flux data acquisition system is designed to be completely portable so that it can be

used in the field for test data transmission to the data processing facilities in the Data Handling

Center at MTF.

The package consists of a bank of DC amplifiers, a thermocouple reference ice bath, an FM/FM

multiplexer/transmitter, and a portable intermediate band magnetic tape recorder for backup.

The signals from the sensors in the field are received, amplified, and multiplexed. They can

now be either transmitted to the Data Handling Center or recorded on the portable tape recorder

in the Test Control Center or both. Prior to testing, the measuring systems are verified from

end to end and calibrated by transmitting a 0 and a 100 percent (full scale) calibration signal to

the Data Handling Center, where with the aid of a computer, a direct real-time readout in

corrected engineering units is made on a line printer. Should the test be lengthy or delayed,

the computer can be released for other use. In this case, the transmitted raw data will be

recorded on a tape recorder for data processing at a later time.

However, if the test is reasonably short and the computer can stay on line, the transmitted data

will be processed immediately and the line printer will provide a real-time running tab listing in

corrected engineering units. Figure A-I shows an actual printout of a verification and calibra­

tion run prior to heat flux test 2. The two top lines are channel designations. The first three

vertical columns represent the hours, minutes, and seconds of the day in Central Standard

Time. Columns FI-02 through FI-05 represent temperature measured by thermocouples in

OF and columns FI-06 through FI-09 are heat flux measured by heat flux sensors in Btu/ft2 • h.

The lines between 10:05:48 and 10:06:06 show calibration at 0 percent and those between 10:06:15

and 10:06:33 at 100q or full scale.

Figures A-2 and A-3 show schematically the different data acquisition capabilities.

Figure A-4 depicts the actual setup of the portable telemetry package in the field. The Precision

Potentiometer and the Frequency Counter are used only for setup and calibration.

To further demonstrate the different capabilities of data acquisition discussed above, the pages

following this section show actual data of test 3 for the first 38 seconds of the test. Since the

computer was not available at the time of the test, the data were taped and processed five days

later. Therefore, the first column of the printouts show the elapsed time in milliseconds from

the time data collection started shortly before the first calibration and verification run. The

data shown are in one-tenth of a second intervals. Time 0 (ignition) occurred at 616.021

seconds as marked. The figures in the third and fourth lines of the heading on each sheet are
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rt rt rl rl rt rl rt -1
il2 "3 04 1115 0~ '7 08 3'"

HI '5 4' 9 ~. 359 83.11/1 80. H0 81. Ul9 -I'.8~8,) -.4746" -.414~" -.H414
till .5 41' 9'-4t6 82.,,46 80.361 81. 71111 - t . 9,~94 -.38281 -.23632 -.432.54
Ul 05 43 94.187 82.91114 79.7"5 62.IoH3 -2.0tl59 -.27343 -.2,,65 -.4746lil
HI .5 44 93.531 83.V46 79.960 76.439 -2.2';'9 -.41992 - .6211119 -.419n
]lII .5 45 9~.416 83 . .,h0 80.503 76.74111 -2.3613 -.34765 -.34765 -.51111

--I" .5 46 93.644 82 . .,611 80.046 75.234 -1.9.594 -.23632 -.49414 -.67518 oC;-

1111 .5 47 9:?759 82.~9' 80.619 76.740 -2.2324 -.23632 -.29296 -.787'" cal ibration

HI 15 48 3:?1l64 29.1'11 28.744 211l.703 -1.9li41 -.49414 -.56640 - • 767,7 _ h~ins

1lJ 15 49 3:?798 28.515 28.811l1 24.1~7 -2.3"66 -.38281 -.80468 -.84119
]lII .5 5III 3?941 28."'72 28.572 23.4,4 -2.1771 -.27343 -.474611l -.767;7
111 .5 51 3:?941 29.fl87 28.611 21.81113 -2.3"66 -.43945 -.91406 -.8il1468

--18 -'5- ~2-- - - 3~: 855 29 ...58 28.458 22.-66""1 ':'"2.3066 -.38281 - . 75100 -1.i/J2;3
11 15 53 3?855 28.412 28.687 22.962 -2.'683 -.38281 -.82226 -.675/8
10 15 54 3~.798 28.744 28.831 26.878 -2.2695 -.4'234 -.76757 -.98828
1ll 15 55 3?998 29 ..H6 28.773 23.865 -2 ••..,.7 -.38281 -.73242 -.585"'3
1lJ .5 ,6 32.998 28.611 28.716 22.509 -2.3789 -.43945 -.78711 -.71289
11 '5 ,7 3? .685 28.btll 28.83' 24.919 -2.3613 -.38281 -.6\/531 -.695.51
1111 '5 58 32.884 28.e59 28.429 26. 878 -':'2. 269'S -.34165 -.85937 --.51171
till 15 59 32.884 29.115 28.488 22.668 -2.4';U -.32812 -.75888 -.UH1
18 .6 18 32.971 28.886 28.611 25.824 -2.2519 -.51171 -.89648 -1.[l4l9
18 .6 11 32.884 28.63' 28.343 27.183 -2.3866 - .31154 - .67518 -.'6'"
1. '6 .2 33 ••83 28.886 28.945 22.962 -2.49'2 -.4'234 -.1511' -.95117
111 .6 .3 3·3.1121 29.115 28.63' 23.865 -2.'683 -.43945 -.81468 -.585\/3 or:
11 '6 ... 33.142 29.173 28.631 25.97~~-2148 -."41234 -.58593 -.6Q62
111 16 .5 33.183 28.83' 28.544 22.208 -2.3"66 -.43945 -.84179 -.15U0 calibration

- il -- il6 .6 3~.8" n.6.1 28.945 - 1'.341 -2.3242 -.34765 -.78718 -.7;U' _ends

1lII .6 17 91.816 82.li'4 79.914 19.3l!11 -2.1859 -.41992 -.29296 -.8,931
- 11--16 18 9t.617 82.619 79."589 "76.138 -2.3242 -.5664' -.29296 -.54882

11 16 .9 92.416 82.675 79.615 71.191 -1.9394 - .51171 - .18164 -.51111
1111 .6 11 'l. 713 12.39. 79.818 82.46" -1.9941 -.31281 - .273U-;;. T5nI
11 16 11 92.3'2 82.441 79.476 16.138 -1.8611 -.41234 -.27343 -.73242

-- -t ii '6 12 9:'.474 82.675 79.847 71.191 -1.9394 -.41992 -.23632 -.54882
11 '6 13 92.3'2 83.218 8'.314 82.165 -1.9765 - .51171 -.'7226 -.62U9 100";

-n .6 14 9t~873 82.246 79.589 83.218 -2.'859 - .58593 -.25585 -.64'62 calibration

11 '6 15 51'.28 511.31 498.91 25.••• 3 299.52 311.84 299.79 29i."
_ begins

111 .6 16 511.34 511. 37 499.28 2497.5 299.65 -nt;vr ~'9.63 2V9.52
11 '6 11 511.37 5.1.28 498.94 2491.1 299.35 3'1.'6 299.51 299.43
11 16 18 '118.22 5'1.51 498.79 2497.4 299.43 3••• 98 299.65 299.55
1fI 16 19 '".25 511.54 498.74 2498.4 299.41 31'.95 299.9' 299.48
11 .6 2. 511'•. 22 5'1.28 498.68 2497.4 299.32 31111.86 299.48 299.48
11 16 21 5U.12 5'1.25 498.48 2496.3 299.41 311.12 299.15 299.76
11 ,6 -n-- - 499.97 5'".99 498:11 14"97.'5 -29V;-ff 30.98 29'-; 1"5 299.32
11 • 16 23 581.'2 5'1.48 498.14 2496.3 299.1111 3f111 .96 299.31 299.24
111 16 24 !See ... 5'1.19 497:68 2493.2 299.17 3"1.86 299.37 299.32
11 '6 25 5~1." 5.1 .•2 497.71 2495.3 299.13 31111 .14 299.43 29~.38

18 '6 26 501.'2 5'11'.91 497.54 2493.9 ~99.15 31111 .•6 299.86 29~.36

11 16 27 499.97 51111.14 497.85 2497.5 299.1110 3fl1 .16 299.19 2911.11
-tl -n 28 - 4"99:97 511.fl- 497:45 2494.1 2118.91 311.93 298.99 299.11
I. 16 29 499.97 5111.99 497.71 2493.8 298.91 381.89 299.11111' 29~."1I

1fl 16 30 511.17 511llll.88 491.77 2494.8 299.1Il8 381 .82 298.95 299.38 100";

11 1116 31 5~1.12 5'611.99 497.88 2495.111 799.11'11 3i1•. 91 299.23 29~.26 calibration

111 '6 32 5~I.elll 580.91 498.1112 2495.3 1'99.111111 3611 •• 93 299.16 2H.. 19 _ends

1fl 16 33 499.57 497.88 481.40 2115.2 187.91 111 .33 48.32-4 -7.433'
Til 16 34 9t.'16 82.447 79.562 77.644 -2.47117 -.84179 -1.111'58 -.9!1828
11 '6 30; 9t.644 82.1\18 78.914 81. 71' -7.40;31 -.85937 -1.1718 -. HUe
HI .6 31 91.388 82.~9I 79.562 76.439 -2.2148 -.85937 -.56648 -.91436

Figure A-L Heat Flux Test Data Processed During this Test
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Figure A-4. Portable Telemetry Package for Heat Flux Measurements
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are channel identification numbers for the computer. The data in the columns headed by these

figures represent the following measurements taken during test 3:

• COOI-OOI:

• COOI-002:

• COOI-003 :

• COOI-004:

• NOOI-OOI:

• NOOI-002:

• NOOI-003:

• NOOI-004:

Actual Temperature of the heat sink at Station 1

Actual Temperature at Station 4

Actual Temperature at Station 3

Actual Temperature at Station 5 (pyrotechnic stack)

Heat flux at Station 2

Heat flux at Station 1

Heat flux at Station 4

Heat flux at Sta,tion 3

The data for heat flux in columns NOOI-OOI through NOOI-004 have to be multiplied by a factor

of 10.
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HEAT FLUX TEST DATA RECORDED
OUR ING TEST AND

PROCESSED AT A LATER DATE
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